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►  An  environmental-friendly  method  to  fabricate  Fe1.9F4.75 -0.95^0  is  developed. 
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A  worm-like  mesoporous  structured  iron-based  fluoride  (Fei.9F4.75-0.95  H2O)  is  successfully  synthesized 
for  the  first  time  by  a  rapid  microwave  irradiation  heating  route  using  ionic  liquid  l-butyl-3- 
methylimidazolium  tetrafluoroborate  (BmimBF4)  as  fluorine  source  and  iron  (III)  nitrate  nonahydrate 
(Fe(N03)3  -9H20)  as  iron  source.  By  controlling  the  amount  of  ionic  liquid,  a  series  of  nanostructured  iron- 
based  fluoride  materials  with  different  morphologies  are  obtained.  A  possible  formation  mechanism 
related  to  the  role  of  the  ionic  liquid  is  proposed.  The  electrochemical  performances  of  the  worm-like 
mesoporous  structured  iron-based  fluoride  as  cathodes  for  rechargeable  lithium  batteries  are  inves¬ 
tigated.  A  high  discharge  plateau  around  2.7  V  at  the  first  cycle,  a  reversible  discharge  capacity  as  high  as 
145  mAh  g-1  at  a  current  density  of  14  mA  g-1  and  a  good  rate  performance  with  a  high  rate  capacity  of 
125  mAh  g-1  even  at  71  mA  g-1  are  obtained. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  comparison  with  the  most  extensively  investigated  sulfides 
and  oxides  used  as  cathode  materials  in  lithium  batteries  in  recent 
years,  fluorides  attract  considerable  attention  for  energy  conver¬ 
sion  and  storage  due  to  the  high  electronegativity  of  fluorine  [1—3]. 
Among  them,  iron-based  fluoride  with  high  electromotive  force 
(emf)  and  theoretical  capacity  as  well  as  low  material  cost  shows 
great  potential  as  cathode  of  rechargeable  lithium  batteries  [4-7]. 
But  the  use  of  erosive  and  toxic  fluoride  sources  (such  as  HF)  in  the 
synthesis  process  limits  its  application  to  a  great  extent  [8]. 
Therefore,  environmentally  friendly  and  operationally  safe  fluoride 
sources  are  in  an  urgent  need  to  develop.  Several  groups  have  been 
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devoted  to  the  fabrication  and  formation  mechanism  of  nano¬ 
structured  iron-based  fluoride  using  ionic  liquid  containing  fluo¬ 
ride  ions  as  fluoride  source  [8-10].  David  and  his  coworkers 
prepared  nanostructured  FeF2  successfully  using  l-butyl-3- 
methylimidazolium  tetrafluoroborate  (BmimBFq)  as  fluoride 
source  by  a  microwave  heating  method  [10].  And  the  morphology 
of  the  prepared  nanostructured  FeF2  was  tuned  by  the  addition  of 
different  amount  of  water.  But  the  electrochemical  properties  of 
these  materials  were  rarely  given.  Recently,  Li  and  his  coworkers 
reported  two  nanostructured  iron-based  fluoride  cathode  materials 
(orthorhombic  FeF3-0.33H2O  and  cubic  Fei.gF4.75-0.95H2O)  fab¬ 
ricated  using  BmimBF4  as  fluoride  source,  whose  capacities  of 
154  mAh  g-1  and  90  mAh  g-1  at  the  current  density  of  14  mA  g-1 
were  obtained  respectively.  What’s  more,  a  systematic  study  in  the 
formation  mechanism  of  these  iron-based  fluorides  was  made  and 
the  results  showed  that  BmimBF4  played  an  essential  role  in  the 
formation  of  the  nanostructured  iron-based  fluorides  because  it 
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served  as  not  only  a  fluorine  source  but  also  a  co-solvent  and  soft 
template  [8].  Considering  the  advantages  of  ionic  liquid  in  syn¬ 
thesizing  nanostructured  iron-based  fluorides,  as  well  as  its  dis¬ 
advantage  of  high  cost,  to  investigate  the  effect  of  the  amount  of 
ionic  liquid  on  the  morphology  of  nanostructured  iron-based 
fluorides  is  necessary.  Besides,  it  is  believed  that  the  investigation 
would  also  help  us  to  make  a  better  understand  about  the  mech¬ 
anism  of  the  formation  of  iron-based  fluoride  and  provide  the  basis 
for  fabricating  the  optimal  nanostructured  fluoride  electrode 
materials. 

Among  the  various  reported  synthesis  methods  of  fluoride 
materials  [6-8],  the  microwave-assisted  synthesis  is  considered  to 
be  a  promising  method.  Since  its  first  reports  in  1986  [16,17],  the 
applications  of  microwave  heating  in  synthetic  chemistry  and 
materials  preparation  have  been  a  fast  growing  area  of  research 
[11].  The  biggest  advantage  of  the  microwave-assisted  synthesis 
lies  in  its  rapid  volumetric  heating  process,  providing  rapid  and 
uniform  heating  of  reagents,  solvents,  intermediates,  and  products, 
resulting  in  higher  reaction  rate,  time  saving,  low  energy  con¬ 
sumption  and  higher  efficiency  compared  with  conventional 
heating  methods,  benefiting  the  formation  of  monodispersed  small 
nanostructures  [18].  Especially  when  the  ionic  liquid  is  involved  in 
the  reaction  system,  its  high  polarity  resulted  from  the  presence  of 
large  organic  positive  ions  makes  itself  an  excellent  media  for 
absorbing  microwaves,  thus  leading  to  a  very  high  heating  rate. 
Recently,  a  variety  of  nanostructured  materials  with  controllable 
morphologies  have  been  synthesized  by  combining  the  advantages 
of  both  room  temperature  ionic  liquid  and  microwave  heating 
[19,20]. 

Herein,  a  worm-like  mesoporous  structured  iron-based  fluoride 
(Fei.gF4.75  0.95H2O)  has  been  successfully  synthesized  for  the  first 
time  using  ionic  liquid  (BmimBF^  as  fluorine  source  and 
Fe(N03)3-9H20  as  iron  source  by  a  rapid  microwave  irradiation 
heating  route.  By  controlling  the  amount  of  ionic  liquid,  a  series  of 
nanostructured  iron-based  fluoride  materials  with  different  mor¬ 
phologies  are  fabricated,  indicating  the  role  of  the  ionic  liquid 
played  in  the  preparation  process.  A  possible  mechanism  for  the 
formation  of  the  particular  nanostructured  fluorides  is  proposed. 
The  obtained  materials  have  been  unambiguously  characterized 
using  X-ray  diffraction  (XRD),  transmission  electron  microscopy 
(TEM),  scanning  electron  microscopy  (SEM)  and  BET  measurement. 
The  results  show  that  all  of  the  prepared  materials  have  a  structure 
of  cubic  Fei.9F4.75-0.95  H2O  and  the  morphologies  of  them  can  be 
tuned  by  changing  the  amount  of  ionic  liquid  while  keeping  the 
other  conditions  unchanged.  Electrochemical  performances  of  the 
prepared  Fe1.9F4.75 -0.95^0  material  with  a  worm-like  mesoporous 
structure  as  the  cathode  for  rechargeable  lithium  battery  are  also 
examined.  A  reversible  discharge  capacity  as  high  as  145  mAh  g_1 
at  the  current  density  of  14  mA  g_1  and  a  high  rate  capacity  of 
125  mAh  g-1  even  at  71  mA  g-1  are  obtained. 

2.  Experimental 

2.2.  Material  preparation 

Iron-based  fluorides  with  various  morphologies  were  synthe¬ 
sized  using  ionic  liquid  l-butyl-3-methylimidazolium  tetra- 
fluoroborate  (BmimBF4)  (Shanghai  Cheng  Jie  Chemical  Co.  Ltd., 
99%)  as  fluorine  source  and  iron  (III)  nitrate  nonahydrate 
Fe(N03)3-9H20  as  iron  source  (Sinopharm  Chemical  Reagent  Co., 
Ltd.)  through  a  microwave  irradiation  heating  method.  Specifically, 
given  amounts  of  BmimBF4  ionic  liquid  (1  mL,  3  mL,  5  mL,  10  mL) 
were  mixed  with  the  fixed  amount  of  metal  nitrate  salts  (1  g)  in 
ethyl  alcohol  solvent  (10  mL)  respectively  with  rigorous  stirring  for 
1  h.  Then  the  mixtures  were  heated  in  a  microwave  oven  (MDS-6, 


Sineo,  Shanghai,  China)  to  80  °C  rapidly  and  kept  under  this  con¬ 
dition  for  5  min.  After  completion  of  the  reaction,  the  products 
were  washed  six  times  with  acetone  and  ethanol  to  remove  the 
ionic  liquid  and  other  organic  impurities  followed  by  centrifugation 
for  10  min  at  10,000  rpm.  The  washed  products  were  dried  under 
vacuum  at  60  °C  and  used  for  further  investigation. 

2.2.  Material  characterization 

The  phases  of  the  prepared  materials  were  checked  by  X-ray 
powder  diffraction  using  a  Rigaku  Ultima  IV  (40  kV/30  mA)  with 
Cu-Ka  radiation.  Scanning  electron  microscopy  (SEM,  S-4800N, 
Hitachi)  and  transmission  electron  microscopy  (TEM,  JEM-2100F) 
were  further  used  to  characterize  the  morphology  and  structure 
of  the  products.  The  specific  surface  area  was  measured  by 
the  Brunauer-Emmett-Teller  (BET)  method  using  nitrogen 
adsorption-desorption  isotherms  on  a  Micromeritics  Tristar  3000 
analyzer,  and  the  pore  size  distribution  was  obtained  from  the 
desorption  branch  of  the  isotherm  by  the  Barrett-Joyner-Halenda 
(BJH)  method. 

2.3.  Electrochemical  measurements 

The  electrochemical  performances  of  the  prepared  material  as 
cathode  for  lithium-ion  battery  were  examined  in  coin  type  cells.  In 
a  typical  process,  the  working  electrodes  were  prepared  by  dis¬ 
persing  a  blend  of  the  as-obtained  active  material,  acetylene  black, 
and  polyvinylidene  difluoride  (PVDF)  at  the  gravimetric  ratio  of 
80:10:10  in  N-methyl-2-pyrrolidone  (NMP).  The  slurry  was  then 
cast  onto  an  aluminum  foil  and  dried  in  vacuum  at  80  °C  for  2  days. 
Then  coin  cells  were  fabricated  using  high-purity  lithium  foil 
(China  Energy  Lithium  Co.,  Ltd)  as  the  counter  electrode  and  the 
reference  electrode,  Celgard  2400  as  the  separator,  and  a  solution  of 
1  M  LiPF6  in  ethylene  carbonate  (EC)/dimethyl  carbonate  (DMC) 
(1:1,  in  wt%)  as  the  electrolyte.  The  assembly  of  cells  was  processed 
in  an  argon  filled  glove  box  with  oxygen  and  water  contents  less 
than  1  ppm.  The  galvanostatic  charge/discharge  tests  were  con¬ 
ducted  on  a  LANDCT2001 A  battery  test  system  in  the  voltage  range 
of  1.6-4.5  V  (versus  Li/Li+)  at  the  current  densities  of  14  mA  g'1  and 
71  mA  g_1  respectively.  All  the  electrochemical  tests  were 
performed  at  room  temperature  and  the  current  density  and 
specific  capacity  were  calculated  on  the  base  of  the  prepared 
activematerials. 

3.  Results  and  discussion 

Fig.  1  shows  the  X-ray  diffraction  patterns  of  the  prepared  iron 
fluorides.  As  seen,  well-defined  XRD  peaks  assigned  to  the  cubic 
Fei.9F4.75-0.95H2O  are  detected  for  all  of  the  four  samples,  dem¬ 
onstrating  that  the  amount  of  ionic  liquid  has  no  effect  on  the  phase 
of  the  products.  Compared  with  the  iron  source,  the  valence  of  the 
iron  cation  in  the  products  Fe1.9F4.75 -0.95^0  is  lower,  which  is 
considered  to  be  resulted  from  the  reducing  characteristic  of 
BmimBF4  ionic  liquid  [8]. 

The  changes  of  the  morphology  of  the  prepared  materials  are 
characterized  by  transmission  electron  microscopy  (TEM,  Fig.  2) 
and  scanning  electron  microscopy  (SEM,  Fig.  3).  From  Fig.  2,  we  can 
see  that  the  morphology  of  the  prepared  materials  changes  a  lot 
with  the  varying  of  the  amount  of  ionic  liquid.  In  order  to  dis¬ 
tinguish  the  obtained  materials  with  different  morphologies,  the 
products  are  designated  as  F-X  (F  represents  iron-based  fluorides 
and  X  represents  the  amount  of  ionic  liquid  used  in  the  preparation 
process).  So  the  samples  F-l,  F-3,  F-5,  F-10  represent  the  obtained 
iron-based  fluorides  using  BmimBF4  of  1  mL,  3  mL,  5  mL  and  10  mL 
in  their  preparation  process  respectively. 
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Fig.  1.  XRD  patterns  of  the  prepared  iron-based  fluorides. 


The  details  of  the  changes  in  the  morphology  of  the  prepared 
materials  are  further  confirmed  by  SEM  images  as  Fig.  3(a-d) 
indicated.  From  Fig.  3(a-d),  we  can  see  that  with  the  increase  of  the 
amount  of  ionic  liquid  from  1  mL  to  10  mL,  the  morphologies  of  the 
products  show  a  successive  change  from  nanostructured  octahe¬ 
drons  (F-l)  to  a  mixture  of  nanostructured  octahedrons  and 
nanostructured  spheres  (F-3),  to  nanostructured  spheres  (F-5)  and 


finally  nanostructured  spheres  with  worm-like  nanopores  on  the 
surface  (F-10). 

It  is  interesting  to  see  that  the  nanostructured  spheres  present 
in  the  samples  of  F-3,  F-5  and  F-10  are  developed  from  the  nano¬ 
structured  octahedrons  present  in  the  sample  F-l,  which  can  be 
unambiguously  confirmed  from  the  semi-formed  nanostructured 
sphere  as  the  red  circle  indicated  in  Fig.  3(a)  and  most  of  the 
nanostructured  spheres  in  Fig.  3(b).  And  for  Fig.  3(c,d),  uniform 
morphologies  of  nanostructured  spheres  are  obtained  due  to  the 
completed  growth  of  nanospheres  when  the  ionic  liquid  is 
excess.  This  phenomena  indicates  that  the  morphology  of 
Fei.9F475  0.95H2O  synthesized  by  a  microwave-assisted  heating 
method  is  controllable  by  tuning  the  amount  of  ionic  liquid  used  in 
the  reaction  system. 

Moreover,  compared  with  F-l,  F-3  and  F-5  samples,  F-10  sample 
with  worm-like  nanopores  on  the  surface  of  nanostructured 
spheres  is  more  attractive  when  used  as  the  cathode  for 
rechargeable  lithium  battery  due  to  the  following  two  reasons:  on 
one  hand,  the  presence  of  these  worm-like  nanopores  can  increase 
the  specific  surface  of  the  materials  and  enlarge  the  contact  area 
with  the  electrolyte;  on  the  other  hand,  these  worm-like  nanopores 
can  efficiently  accommodate  the  volume  change  of  the  cathode 
materials  during  Li+  insertion/extraction  cycles  and  thus  prevent 
the  pulverization  of  electrode.  What  is  more,  nitrogen  adsorption- 
desorption  method  is  further  used  to  examine  the  nature  of  the 
nanopores  of  F-10  sample.  As  Fig.  3(e)  indicated,  the  nitrogen  iso¬ 
therms  of  F-10  sample  is  of  type  IV  curve  according  to  the  IUPAC 
classification  and  featured  capillary  condensation  in  the 


Fig.  2.  TEM  images  of  the  prepared  materials  (a.  sample  F-l,  b.  sample  F-3,  c.  sample  F-5,  d.  sample  F-10). 
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Fig.  3.  SEM  images  of  F-l  sample  (a),  F-3  sample  (b),  F-5  sample  (c)  and  F-10  sample  (d);  nitrogen  adsorption-desorption  isotherms  and  BJH  pore  size  distributions  (e)  and 
diameter  distributions  (f)  of  F-10  sample. 


mesopores,  indicating  the  presence  of  mesopores  in  the  prepared 
material.  The  mean  pore  diameter  is  about  8  nm  according  to  the 
BJH  pore  size  distribution  curve  and  the  BET  specific  surface  is 
about  13  m2  g-1.  And  the  diameter  distribution  of  F-10  sample  is 
also  measured  from  SEM  micrographs  using  Image  J  software  (NIH, 
USA),  indicating  that  F-10  has  a  relatively  homogeneous  diameter 
and  the  average  diameter  of  about  (186.4  ±  20)  nm  (Fig.  3(f))  fur¬ 
ther  proves  the  nanostructure  of  F-10  sample.  Based  on  the  above 
analysis,  we  can  see  that  the  prepared  F-10  sample  has  a  worm-like 
mesoporous  structure  which  would  be  beneficial  for  its  cathode 
performances  for  rechargeable  lithium  batteries. 

A  possible  formation  mechanism  of  the  obtained  iron-based 
fluorides  with  different  morphologies  is  proposed  as  Fig.  4  depic¬ 
ted.  The  ionic  nature  and  thermal  stability  of  the  BmimBF4  ionic 
liquid  make  itself  very  good  solvent  for  absorbing  microwave  ra¬ 
diation  [11].  In  the  microwave  frequency  range,  the  ionic  liquids 
with  high  polarity  try  to  orientate  with  the  electric  field.  When  they 
try  to  re-orientate  with  respect  to  an  alternating  electric  field,  they 
lose  energy  in  the  form  of  heat  by  friction  [18].  Therefore,  the 
boiling  temperature  of  the  mixture  solution  of  BmimBF4,  ethanol 
and  Fe(N03)3  -9H20  can  be  reached  within  a  very  short  time.  Then 
the  BF4_  anion  undergoes  fast  hydrolysis  in  the  presence  of  tran¬ 
sition  metal  salts  with  hydration  water  molecules  (Fe(N03)3  -9H20) 
under  microwave  superheating  [12,13]  as  the  following  reaction 


equation  indicated,  showing  ionic  liquid  an  ideal  fluorine  source 
[10,14]. 

BF4-(IF)  +  H2O^BF3  •HsO^F)  +  F“(IF) 

Consequently,  solvated  Fe3+  combines  with  the  F~  ion  to  form 
precipitated  iron  based  fluorides  with  nanostructured  morphology. 
By  varying  the  amount  of  ionic  liquid  ( 1  mL,  3  mL,  5  mL,  10  mL)  used 
in  the  preparation  process  with  other  conditions  unchanged,  we 
can  see  that  the  morphologies  of  the  obtained  materials  change 
successively.  As  demonstrated  in  Fig.  3(a-d),  the  nanostructured 
spheres  present  in  the  samples  of  F-3,  F-5  and  F-10  are  developed 
from  the  nanostructured  octahedrons  present  in  the  sample  F-l, 
which  proves  that  the  ionic  liquid  plays  important  role  in  the 
morphology  formation  of  iron-based  fluorides.  But  the  details  of 
the  morphology  evolution  are  needed  to  be  further  investigated  in 
the  future.  When  the  amount  of  ionic  liquid  is  excessive,  a  worm¬ 
like  mesoporous  structured  iron-based  fluoride  is  formed,  which 
is  considered  to  be  ascribed  to  the  template  function  of  the  ionic 
liquids.  Through  the  whole  formation  process  of  iron-based  fluo¬ 
rides,  we  can  see  that  ionic  liquid  plays  essential  multifunctional 
roles,  including  an  effective  microwave  radiation  acceptor,  a  soft 
template  for  nanostructure,  as  well  as  an  environmentally  friendly 
and  operationally  safe  fluoride  source.  Therefore,  we  can  conclude 
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Fig.  4.  Scheme  of  the  synthesis  mechanism  of  Fei.9F475-0.95H2O  materials  with  different  morphologies. 


that  the  synergy  of  these  functions  of  ionic  liquid  contributes  to  the 
fabrication  of  iron-based  fluorides  with  controllable  morphologies. 

The  electrochemical  performances  of  the  worm-like  meso- 
porous  structured  iron-based  fluoride  as  cathodes  for  rechargeable 
lithium  ion  batteries  have  been  investigated.  As  Fig.  5(a)  indicated, 
two  plateaus  located  at  2.7  V  and  1.7  V  are  observed  on  the  first 
discharge  curve  which  can  be  ascribed  to  an  insertion  reaction  and 
a  conversion  reaction  respectively  according  to  the  previous  report 
[15].  A  reversible  capacity  as  high  as  300  mAh  g-1  is  obtained  at  the 
first  cycle,  but  decreases  to  175  mAh  g^1  immediately  at  the  second 


cycle.  And  after  a  complete  activation  at  the  third  cycle,  a  reversible 
capacity  of  145  mAh  g'1  is  maintained  throughout  the  rest  cycles. 
The  charge  and  discharge  characteristics  indicate  that  the  prepared 
cathode  undergoes  a  typical  conversion  reaction  [2]. 

The  cycling  stability  of  the  prepared  electrodes  is  also  charac¬ 
terized  and  the  results  are  presented  in  Fig.  5(b).  After  100  cycles, 
large  retentive  capacities  of  130  mAh  g-1  at  14  mA  g-1  and  of 
118  mAh  g^1  at  71  mA  g-1  are  achieved,  corresponding  to  89.6%  and 
92%  of  the  capacities  at  the  third  discharge  process,  respectively, 
demonstrating  excellent  cycling  stability  of  the  prepared  electrode. 


Fig.  5.  (a)  Charge-discharge  curves  of  F-10  sample  electrode  for  the  first  ten  cycles  with  a  current  density  of  14  mA  g  \  (b)  Discharge  capacity  as  a  function  of  cycle  number  for  F-10 
sample  electrode  at  different  current  densities  between  voltage  range  of  1.6-4.5  V  at  25  °C,  (c)  the  fifth  charge-discharge  curves  after  activation  of  F-3  (hollow  triangle),  F-5  (hollow 
square)  and  F-10  (Hollow  circle)  electrodes  with  a  current  density  of  14  mA  g  \  (d)  Discharge  capacity  as  a  function  of  cycle  number  for  F-3  (solid  square),  F-5  (solid  circle)  and  F-10 
(solid  triangle)  electrodes  with  a  current  density  of  14  mA  g  1  between  voltage  range  of  1.6-4.5  V  at  25  °C. 
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Moreover,  with  the  current  density  increasing  from  14  mA  g_1  to 
71  mA  g-1,  a  small  capacity  loss  only  of  about  20  mAh  g-1  is 
observed  and  this  value  doesn’t  grow  throughout  the  100  cycles, 
which  indicates  the  electrode  having  a  good  rate  performance. 

By  comparison,  the  electrochemical  behaviors  of  F-l,  F-3  and  F-5 
should  be  measured.  However,  the  electrochemical  test  of  F-l  is 
hard  to  be  carried  out  due  to  the  production  of  F-l  is  minimal.  In 
this  way,  a  comparison  of  the  electrochemical  performances  of  F-3, 
F-5  and  F-10  is  made  to  investigate  the  effect  of  the  morphology  on 
the  electrochemical  performances  of  the  Fe1.9F4.75 -0.95^0  cath¬ 
odes.  As  Fig.  5(c)  indicated,  F-10  shows  a  higher  discharge  plateaus 
and  a  lower  charge  plateaus,  showing  a  better  polarization  per¬ 
formance  compared  with  F-3  and  F-5  cathodes.  Simultaneously,  its 
cycle  performance  is  also  much  better  than  F-3  and  F-5  cathodes 
with  high  stability  and  a  much  larger  retentive  capacity  of 
134  mAh  g-1  (98  mAh  g_1  for  the  F-5  cathode  and  74  mAh  g-1  for 
the  F-3  cathode)  after  30  cycles  at  a  current  density  of  14  mA  g_1 
(Fig.  5(d)).  The  results  show  that  the  electrochemical  behaviors  of 
the  Fei.gF4.75-0.95H2O  cathodes  are  significantly  influenced  by  the 
morphologies.  And  the  main  reason  that  the  F-10  cathode  pos¬ 
sesses  better  polarization  performance,  excellent  cycling  stability 
and  good  rate  performance  might  be  ascribed  to  its  worm-like 
mesoporous  structure,  which  can  accommodate  a  volume  change 
during  the  cycle  of  the  rechargeable  lithium  batteries  under  various 
current  densities  as  analyzed  previously. 

4.  Conclusion 

In  summary,  by  tuning  the  amount  of  ionic  liquid  used  in  fab¬ 
rication,  nanostructured  iron-based  fluorides  with  different  mor¬ 
phologies  are  obtained,  one  of  which  with  worm-like  mesoporous 
structure  shows  promising  cathode  performances  of  rechargeable 
lithium  ion  batteries  with  a  high  discharge  plateau  around  2.7  V  at 
the  first  cycle,  a  large  reversible  discharge  capacity  (as  high  as 
145  mAh  g^1  at  a  current  density  of  14  mA  g-1),  and  an  excellent 
rate  performance  with  a  small  capacity  loss  of  20  mAh  g-1  even  at 
the  high  current  density  of  71  mA  g-1  throughout  100  cycles.  The 
satisfactory  behaviors  are  ascribed  to  the  high  specific  surface  and 
the  accommodation  of  the  volume  changes  of  the  electrode  bene¬ 
fited  from  the  worm-like  mesoporous  structure.  Therefore,  it  is 
believed  that  the  electrochemical  performance  of  fluoride  cathodes 
can  be  further  improved  by  varying  synthesis  conditions  to 


optimize  the  morphology  and  nanostructure  of  the  iron-based 
fluorides  in  the  future. 
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